SUMMARY -Plaster splints are used daily in surgical and orthopedic fi elds in order to immobilize injured children and adults. Th e aim of this study was to measure the aerodynamic diameter and concentration of dust particles in the air caused by sawing plaster splints (calcium sulfate dehydrate). We performed fractional measurements of airborne dust particles. Th e measured particles, which can potentially be inhaled, may have a specifi c negative eff ect on human health. Measurements were conducted in laboratory research facilities that simulated hospital conditions within a casting room and the associated waiting room. Measurements within the casting room were made using two particle collector devices and one laser photometer. Th e measurement for the simulated waiting room was performed using the same principles and devices. Th e collected plaster dust particles diff ered in aerodynamic diameter and concentration according to the various locations observed. Th e highest concentration of particles of all sizes was recorded at the site of cast sawing. Th ere was direct correlation between distance from the source and concentration of airborne particles; this concentration was lowest in the waiting room. Th e concentrations of plaster dust recorded were lower than the recommended minimal limit values for total and respiratory fractions in Croatia. Accordingly, it can be assumed that sawing of plaster splints has no harmful health eff ects on the exposed patients and health personnel.
Introduction
We regard dust as small, solid particles found in the air or on solid surfaces. Th e main characteristics of dust include size, shape, surface and chemical structure. Exposure to dust increases the risk of pulmonary and cardiovascular diseases, as well as lung cancer. Tissue damage is related to the size, concentration, chemical properties and time of exposure to these particles [1] [2] [3] .
Since we are aware of this correlation, we can introduce and take actions to reduce exposure to such agents, and thus prevent diseases caused by long term exposure to dust particles.
Plaster is made of calcium sulfate and water with a chemical formula of CaSO4 x 2H2O. It belongs to the group of sulfates, which includes salts of sulfuric acid often present in the Earth's crust. Th is group of inorganic matter has the principal characteristic that allows it to react chemically with water to form a highly plastic compound. Th is plasticity allows it to be shaped easily, gradually hardens, and eventually dries into a solid structure with specifi c mechanical properties 4 . Plaster utilization gained widespread popularity in the mid -19 th century. It was fi rst used by Matthys, a Dutch physician, who published a pamphlet on the use of plaster in the treatment of bone fractures in 1852 5 . Health institutions in Croatia and throughout the world are still using this model in daily surgical and orthopedic practice for treating injured children and adults 5 . Removal of these plaster immobilizations is performed by medical technicians. Plaster splint is cut longitudinally using a saw ( Fig. 1) , which uses fi nely serrated surface vibration and crumbles plaster into solid dust particles.
Th e speed of deposition of airborne particles is proportional to their size, or aerodynamic diameter. Particles larger than 100 microns are retained briefl y in the air and quickly fall to the ground while particles of 0.1 to 10 microns are deposited much more slowly. Th e particles of less than 0.1 microns (100 nm) are suspended in the air for the longest period. All particles that can be inhaled during normal breathing are defi ned as inhalable; the larger the particle, the lower is the likelihood that we will breathe it in (inhalability). Th e most dangerous particles for our health are those termed respirable, i.e. particles that are small enough to travel deep into our airways and reach the site of gas exchange. Th e smaller the particles, the more respirable they become.
During a typical eight-hour working day in the confi nements of a casting room, the medical technician removes dozens of plaster immobilizations, thus fi lling the surrounding air with dust particles from the crushed plaster splints (CaSO4 x 2H2O). Th e time that the particles remain in the air mostly depends on their size and the air fl ow in the room. In such extreme conditions, health workers and patients, both adults and children, are exposed to a large quantity of inhalable and respirable dust particles.
To our knowledge, there is no published study regarding the size, concentration and chemical composition of dust in the air of hospital facilities. Th e aim of our study was to measure three fractions (PM10, PM2.5 and PM1) and the concentration of airborne particulate matter in the casting room and waiting room during sawing of plaster immobilizations. We also measured the concentration of two fractions of particulate plaster matter (PM10 and PM2.5) and the percentage of plaster particles in these two fractions considering diff erent locations where simulated and multiple measurements were taken (two points in the casting room and two in the waiting room). We wanted to determine whether the measured concentrations of airborne particulate plaster matter at each measurement point met the legally permissible concentration level.
Material and Methods
For medical research, it is a standard to measure three fractions of dust particles in the air, as follows: particle fraction with aerodynamic diameter of 10 microns (PM10), 2.5 microns (PM2.5) and up to 1 micron (PM1). Th ey can be measured continuously in time using a laser photometer or by the gravimetric method (i.e. collecting particulate matter by inertial impaction on fi lters over a prolonged time interval and then using weight measurements to determine the amount). Th e gravimetric method is more accurate and is generally used as the reference method for correcting data obtained by other methods [6] [7] [8] . However, it cannot determine the mean concentration of PM in a time interval of less than a few hours. In contrast, by using laser photometer, it is possible to determine the mean concentrations of PM in intervals as short as every second but unfortunately, inaccuracies are known to occur, especially for particles with small fractions. Th erefore, the data obtained by laser photometer must be corrected and it is done by comparing initial results with the reference gravimetric photometric data.
In our experiment, we sawed 34 forearm eightlayered circular plaster splints with bandage width of 10 cm. Th e materials used were produced under the name Cellona (Lohman & Rauscher, Austria). All plasters contained less than 10% moisture, measured by a professional moisture meter, Gann Hydromette Compact B (Gann Mess u. Regeltechnik GmbH, Gerlingen, Germany) 9 . To measure the aerodynamic diameter and particle concentrations of plaster dust particles at various points in the room, ten measuring devices were used. During the experiment, eight collectors of particulate matter, Airmetrics-MiniVol (Airmetrics, Springfi eld, OR, USA), with a constant fl ow rate of 5 L/min, collected samples of PM10 and PM2.5 fractions at four diff erent measuring points. Samples were collected using the above-mentioned method of inertial impaction on fi lters of quartz fi ber with a diameter of 47 mm, while the concentrations were gravimetrically determined in accordance with the Croatian normative standards HRN EN 12341.
For the purpose of continuous monitoring of the mass concentration of particulate matter, two laser photometers, Dusttrak Aerosol Monitor 8533 and Dusttrak Aerosol Monitor 8520 (TSI Inc., Shoreview, MN, USA) were placed in two diff erent locations, i.e. one directly within the sawing zone and the other one in the area in front of the casting room, as shown in Figure 2 . Th e laser photometers determined the mass concentration of total suspended particles and the concentrations of PM10, PM2.5 and PM1 fractions of particulate matter at the same time every 10 seconds. Th e sawing room was about 35 m 3 in size and the arrangement of the furniture and ventilation conditions was almost identical to that in most plaster rooms in Croatian hospitals. Temperature and humidity in the work area were constant and monitored by a professional weather station, ETH 880 Digital Th ermo-Hygrometer (Oregon Scientifi c, Inc., Hunghom Kowloon, Hong Kong).
Experimental measurements were obtained in two separate rooms. Two collectors and a laser photometer (Model 8533) were placed in the casting room, 40 cm away from the table for plaster sawing (at a height of 120 cm), and PM10 and PM2.5 particulate matter was measured. Th ese two devices were considered station 1 (MP-1). Th e laser photometer measured continuously for fi ve hours and fi fty minutes. It recorded the mass concentration of total suspended particles and the mass concentration of fractions with aerodynamic diameter of up to 1, 2.5 and 10 microns. A suction pipe instrument was set so that the room air entered the instrument at a height of 170 cm from the ground, which corresponds to the average breathing height of adult humans according to the EU Council Directive to limit values of sulfur dioxide, nitrogen dioxide and oxides of nitrogen, particulate matter and lead in ambient air 1999/30/EC from 1999 10 . In the same room, another pair of collectors measured PM10 and PM2.5 particulate matter at a distance of three meters from the cutting zone (MP-2).
Th e collectors and laser photometer were also placed in the waiting room at a distance of 150 cm from the door (MP-3). Th e laser photometer in the waiting room continuously measured for a total of fi ve hours and six minutes and recorded only fraction concentrations of PM2.5. In the waiting room, two collectors for the measurement of PM10 and PM2.5 (MP-4) were set up at a distance of ten meters from the door. Th e collector assembly scheme is shown in Figure 2 .
Th e method of work simulation included sawing of each plaster, time recording, opening the door of the room, a short break and repeating the process of sawing the remaining plaster splints. One of the authors sawed plaster splints during the experiment while
Fig. 2. Room layout and locations of particle collectors.
H = height of the room, with all measurements expressed in cm; circles (1-4) indicate locations of particle collectors for PM10 and PM2.5 airborne particles; squares (1-2) indicate locations of laser photometers, where 1 is the 8533 model and 2 the 8520 model wearing a protective mask, hat and eye protection. Another author was responsible for removing the sawed splint and adding a new one between sawing, monitoring and controlling the measuring apparatus, and opening and closing the door between the splints in order to simulate the normal actions of a splint room. Before the start of the fi rst set of sawing, the measuring devices were calibrated (the mass concentration of particles in the air before the start of sawing). Prior to analysis, the concentration of PM was obtained photometrically and was corrected by using the correction formula when compared with the gravimetric data as described by Bencetic Klaic et al. 11 . Th e concentrations of calcium and sulfur in the samples of particulate matter were determined using the x-ray fl uorescence (XRF) method and analyzed by the ED XRF Epsilon 5 system (PANalytical, Almelo, Th e Netherlands). With the known chemical composition of plaster (CaSO4 2H2O) and relative atomic mass, the concentration of plaster in the collected airborne particle samples was calculated.
By collecting particulate matter in the air, it is possible to measure their aerodynamic diameter and concentration. When determining the ambient air quality, these particles are collected and the mass concentration of particulate matter with aerodynamic diameter less than 10 microns (PM10) and less than 2.5 microns (PM2.5) is measured. For these measured fractions, there is a standardized maximum allowed concentration. Th e smallest fraction, PM1, was collected in order to study the potential health eff ects and to monitor the travelling range of this air pollution 
Results
Th e fi rst 12 plaster splints were sawn within a 60-minute interval. Sawing lasted between 3:00 and 6:00 minutes with the mean rate of 4.9 minutes per splint. After a break of 17 minutes, a second set of ten plaster splints were sawn within an interval of 18 minutes, with the mean cutting speed of 1.6 minutes. After one-hour break, the third series of 12 plaster splints were sawn with the mean cutting speed of 2.3 minutes. Figure 3 shows the mean serum fractions of dust particles in the casting room and waiting room, recorded every ten seconds.
Th e collected amount for the casting room (MP-1 and MP-2) and waiting room (MP-3 and MP-4), the calculation of the concentration of dust, plaster dust mass and percentage of plaster in the collected dust and PM10 fraction of particulate matter are shown in Table 1 . Th e mean concentration of PM10 fraction of particulate matter in the casting room, measured by laser photometer over a period of 5 h 50 min amounted to 644.0 mg/m 3 . Fig. 3 x axis -ten second interval; y axis -concentration (μg/m 3 ); PM1 plaster room -concentration fraction of airborne particles with aerodynamic diameter of up to 1 μm within the room; PM2.5 plaster room -concentration fraction of airborne particles with aerodynamic diameter of up to 2.5 μm within the room; PM10 plaster room -concentration fraction of airborne particles with aerodynamic diameter of up to 10 μm within the room; PM2.5 waiting room -concentration fraction of airborne particles with aerodynamic diameter of up to 2.5 μm within the room Th e same parameters for the collected particulate matter with PM2.5 fraction are shown in Table 2 . Th e mean concentration for PM2.5 fraction of airborne particles in the casting room after 5 hours and 50 minutes of measurement by laser photometer was 265.9 g/m 3 . Th e fraction of particulate matter with aerodynamic diameter between 2.5 μg and 10 μg (PM10-PM2.5) is also referred to as coarse particles (PMcoarse). Once inhaled, this fraction enters the thoracic part of the human respiratory system but does not reach the alveolar parts and is cleared by the ciliary mechanism. Th e results for this fraction of suspended particles are shown in Table 3 . For PM10-PM2.5 particulate fraction, the mean particle concentration in the casting room measured by laser photometer over a period of 5 hours and 50 minutes was 378.1 g/m 3 . Th e mean mass concentration of particulate matter measured by laser photometer in the casting room and waiting room for each of the three sets of sawing is shown in Table 4 .
Discussion
In everyday practice within the areas of plaster splint sawing (casting room), as well as in other neighboring rooms (waiting room), there is signifi cant contamination of the air with plaster dust particles. Th is can be clearly seen in the air or on the objects where dust is being deposited. Protective equipment is not always required by legislation and there are no defi ned maximum concentrations and size (i.e. aerodynamic diameter) of the particle matter that poses a health risk to the employees and patients who are exposed to these areas.
In this study, we simulated the daily work activity and work spaces in which plaster immobilizations are sawed. We measured, recorded and calculated the fraction of plaster particles in the collected dust. We then compared the values depending on the distance from the sawing site and observed the changing dynamics of the concentrations depending on the frequency and duration of sawing plaster cast immobilizations.
In indexed medical journals, there are no studies that measure air pollution particles released in the areas where plaster immobilizations are sawed, especially inhalable particles of plaster that can cause acute respiratory problems and damage to lung function 15, 16 .
Plaster dust irritates mucous membranes resulting in coughing and mucous secretion according to the material safety data sheet -Gypsum 17 . Th e term "pneumoconiosis", which literally means "dusty lung", is the result of dust accumulation in the lungs and tissue reactions that occur due to its presence. Plaster dust may not be corrosive, toxic or carcinogenic but it may be irritable to the lining of the lungs and respiratory tract 18, 19 . Airways are lined with mucous membranes and cilia. Inhaled dust particles stick to the thick slimy layer of mucous membranes and the cilia are responsible for pushing them towards the throat, where they are expelled by coughing. If there are large concentrations of particles in the airways, the internal mechanisms of removal become overwhelmed and insuffi cient.
In Croatia, there are no regulations defi ning the required ventilation of the workspace where medical technicians work and saw plaster immobilizations. Th ere is no legislation implementing safeguards or regulations for either plaster room or waiting room 13, 14 . Th ere are fi ve known eff ective methods for protection against dust, i.e. technological processes that generate less dust (vacuuming dust at the source); air purifi cation; dilution of dust concentration using ventilation; isolation (separation of personnel from dusty atmosphere); and respirators/fi lters that remove dust from the air 20 . Th e need for these procedures could be defi ned after measuring pollution caused by normal dust particles of plaster.
As seen in Figure 3 , the experiment (sawing) was performed in three diff erent sets. Th e mean cutting speed per cast was changed from 4.9 minutes in the fi rst sawing to 2.6 minutes for the second and 1.6 minutes for the last sawing. Th e measured values, shown in Figure 3 , clearly indicate that the maximum concentration of dust in the air in both the casting room and waiting room was not proportional to the mean cutting speed. Furthermore, Table 4 shows that the mean concentration of all fractions in the casting room exceeded the previous one in each subsequent series of cutting. Th ere are two reasons for this increase, i.e. the accumulation of particles from the previous sawing session in the air and re-suspension of the already precipitated particles originating from the preceding cutting, caused by movement of the workers and patients in the casting room, thus stirring up the already precipitated particles from various surfaces (fl oor, table, and other furniture) into the air, thus increasing their air concentrations. Figure 3 shows a signifi cant increase in dust concentrations during sawing and a decline during the break. Th e number of individual maximum concentrations (spikes) in the casting room corresponds to the total number of sawed plasters (N=34). In addition, the casting room concentrations for PM1 and PM2.5 were similar (i.e. smaller particles penetrate deep into the respiratory system; the smallest ones can enter the alveoli) and noticeably lower than the concentration of PM10 (which is kept in the upper respiratory tract). Th is means that the plaster sawing emits more noticeable large particles (coarse particles, PM10-PM2.5) than smaller particles of up to 2.5 μm in size. Th is is not surprising since it is known that large particles are more frequently formed by mechanical action such as crushing or sawing 21 . Th e concentrations in the waiting room were signifi cantly lower than in the sawing room, but there is clear jump in the concentration compared to the levels before plaster sawing. Th e pattern of maximum dust concentrations in the waiting room was also in correlation with plaster sawing.
After six hours of collecting PM10 fraction of particulate matter right next to the place of sawing, the highest concentrations of particles with aerodynamic diameter of less than 10 microns were recorded (Table  1 ). In the same area, only three feet away, the concentration was 2.3 times lower, while a decline was seen in the waiting room, where it was 10 times lower than at the source. Plaster dust made up the majority of the dust collected at the three measuring points, while at the farthest measurement point, in the waiting room, the plaster concentration in the dust measured less than 50%. Th e rest of the particulate matter probably were organic remains of cotton and bandages. According to the results, it is obvious that these particles predominantly were found in smaller airborne fractions. Interestingly, in the sawing room at 3 m from the sawing point, the concentration of plaster in the dust fell by only about 3%. In the waiting room, the dust concentration of plaster fell to about 30% when compared to the sawing room. As expected, the highest concentration of plaster dust was measured directly at the sawing site, while at 3-m distance from that point, the concentration fell 2.3 times, and in the waiting room just outside the door of the sawing room the concentration fell 14.6 times.
During six hours of PM2.5 fraction particle collection, the highest concentration of particles of aerodynamic diameter less than 2.5 microns was found just next to the sawing site (Table 2 ). In the same room, at 3-m distance from the sawing, the concentration fell to little more than half the original maximum value, while in the waiting room it fell more than ten times the maximum value. Plaster dust accounted for about 70% of the collected dust in the sawing room and less than one-third in the waiting room. Th erefore, at the sawing site, the collected dust with aerodynamic diameter of less than 2.5 microns was made up of 91% plaster particles, and particle size 2.5-10 microns accounted for 97% of the total collected dust. In the waiting room, the PM2.5 fraction of particles collected accounted for only 30.4% of plaster dust, while the fraction of PM10-PM2.5 accounted for 87.0%. In the socalled reference measurement site, in the waiting room at ten meters from the entrance to the sawing room, the particles with aerodynamic diameter of up to 2.5 microns were made up of only 16.8% plaster dust, and those with aerodynamic diameter of 2.5-10 μm were made up of 47.8% plaster particles.
After six hours of dust collection, the highest concentrations of particles with aerodynamic diameter greater than 2.5 and less than 10 microns (PM10-PM2.5) were recorded at the measurement point directly next to the sawing site (Table 3 ). In the same room at 3-m distance from the sawing, the concentration fell just under 2.5 times the maximum, while in the waiting room, it fell more than ten times the maximum. Plaster dust accounted for 97% of the total collected dust in the sawing room and only about 10% in the waiting room.
Th e maximum concentrations and the maximum percentage of plaster particles for all measured fractions were recorded at the point of plaster sawing, and the lowest values were recorded at the greatest distances from that point. Plaster sawing forms particles of diff erent sizes, but the largest percentage of these particles were found to be particles of larger size. Th e research results indicated that the inhalable plaster dust was mainly of larger size (PM10-PM2.5). During several hours of sawing, the mean concentration of dust fraction increased due to the accumulation and re-suspension of dust particles. However, the concentrations of plaster dust recorded were lower than the prescribed limit values for total and respiratory fraction in Croa-tia. It is reasonable to assume that during sawing of plaster splints, there are no harmful eff ects on the health of exposed health personnel and patients. However, the eff ects of prolonged exposures to plaster dust in health care personnel remain unknown.
